The nature of magnetoelectric (ME) interactions has been investigated in lead zirconate titanate (PZT) and (111) or (110) single-crystal nickel zinc ferrites. Data on the dependence of low-frequency ME voltage coefficients on static magnetic field orientation show (i) highest ME coefficients for bias field H along [100] and the smallest for H parallel to [110] and (ii) strongest ME interactions for transverse fields and for samples with Zn concentration of 0.3. Measurements on frequency dependence of ME coefficients reveal resonance enhancement due to bending and radial acoustic modes. The highest voltage coefficient is measured for radial modes in a sample with Zn concentration of 0.2. Theoretical estimates of low-frequency and resonance ME parameters are in very good agreement with data.
I. INTRODUCTION
Ferromagnetic-piezoelectric layered structures have attracted considerable attention in recent years due to strong magnetoelectric (ME) interactions. [1] [2] [3] [4] [5] [6] [7] [8] The ME effect is measured as the dielectric polarization P in an applied magnetic field H given by P ‫ס‬ ␣H, where ␣ is the ME-susceptibility tensor. A layered ferromagneticpiezoelectric is expected to be ME since ␣ ‫ס‬ ␦P/␦H is the product of the piezomagnetic deformation ␦z/␦H and the piezoelectric charge generation ␦Q/␦z. For an alternating current (ac) magnetic field ␦H applied to a biased sample, one measures the induced electric field ␦E. The ME voltage coefficient ␣ E ‫ס‬ ␦E/␦H and ␣ ‫ס‬ ⑀ o ⑀ r ␣ E where ⑀ r is the relative permittivity. Systems studied so far include ferrites, manganites, terfenol-D, transition metals or alloys for the magnetic phase, and lead zirconate titanate (PZT), lead magnesium niobate lead titanate (PMN-PT), or barium titanate for the piezoelectric phase. [1] [2] [3] [4] [5] [6] [7] [8] Layered samples are usually synthesized by either laminating and sintering thick films or bonding the plates of the two phases. Significant results of the studies to date include a giant low-frequency ME effect, [4] [5] [6] [7] [8] resonance enhancement of ME effects at electromechanical resonance for piezoelectrics, [9] [10] [11] [12] [13] strong ME coupling at ferromagnetic resonance for the magnetic phase, 14 and theories for low-frequency and resonance ME effects. 9, 15, 16 Here we discuss results of studies on wide-band ME interactions in bilayers of PZT and single-crystal nickelzinc (Ni-Zn) ferrites Ni 1−x Zn x Fe 2 O 4 (NZFO). Use of single crystals is critical for an understanding of the role of magnetostriction and piezomagnetism of the magnetic component in ME coupling. Single-crystal ferrites with (110) and (111) orientations were used. Bonding techniques were used to fabricate the layered structures with PZT. The studies focused on low-frequency effects and ME coupling at EMR. The objectives are to probe the nature of interactions and its dependence on ferrite structural parameters so that optimal interface conditions and strong ME interactions could be achieved.
II. EXPERIMENT
We acquired the needed Ni-Zn single crystal ferrites Ni 1−x Zn x Fe 2 O 4 (x ‫ס‬ 0 to 0.4) from the Moscow Power Institute. 17 The (111) and (110) discs 9 mm in diameter and 0.5 mm thick were grown by the floating-zone technique under high oxygen pressure to suppress any ZnO evaporation. Postgrowth annealing under oxygen was necessary to obtain stoichiometric samples. PZT disks, 9 mm in diameter and 0.5 mm thick, were obtained from vendors. We used three bonding techniques for the synthesis of bilayers: (i) bonding by forming silver-silicon (Ag-Si) alloys at the interface: sputter deposition of silver and silicon on the ferrite and PZT and subsequent heat treatment at 600°C, 18 (ii) bonding with thin glass: a thin layer borosilicate sputtered on PZT and ferrite and then heated treated at 500 to 600°C, 19 and (iii) epoxy bonding: a thin (<0.08 mm) layer of fast-dry epoxy used for bonding ferrite and PZT discs (epoxy used was ethyl cyanoacrylate). The PZT layer was then polarized with an electric field perpendicular to its plane. The poling procedure involved heating the sample to 420 K and cooling it back to 300 K in E ‫ס‬ 20 to 30 kV/cm.
For low-frequency and resonance ME studies, the samples were placed in a shielded three-terminal holder and subjected to a bias field H and ac magnetic field ␦H at 100 Hz to 400 kHz parallel to H. The ac electric field ␦E perpendicular to the sample plane was estimated from the voltage ␦V measured with a lock-in amplifier or an oscilloscope. The ME coefficient ␣ E was measured for two conditions: (i) transverse or ␣ E,31 for H and ␦H parallel to each other and to the disk plane (1,2) and perpendicular to ␦E (direction 3) and (ii) longitudinal or ␣ E,33 for all the three fields parallel to each other and perpendicular to sample plane.
III. RESULTS

A. Low-frequency studies
Measurements were performed on bilayers prepared by Si-Ag, glass, and epoxy bonding. The best results were obtained for epoxy-bonded bilayers. The results presented here are for the epoxy-bonded samples. Figure  1 shows representative data on H dependence of ␣ E at 100 Hz for (111) NZFO-PZT. Data are shown both for transverse fields with H and ␦H parallel to (111) plane and for longitudinal fields for which the fields are perpendicular to sample plane and parallel to [111] axis of ferrite. The transverse ME coefficient ␣ E,31 shows a rapid rise and fall with increasing H. The longitudinal coefficient ␣ E,33 shows a slow rise in magnitude, reaches a maximum at 1750 Oe, and drops to zero (not shown) at 3 kOe. The maximum value of ␣ E,31 is an order of magnitude higher than for longitudinal fields. The ME coefficients are directly proportional to the piezomagnetic coupling q ‫ס‬ ␦/␦H, where is the magnetostriction, and the H dependence tracks the slope of versus H. Saturation of at high field leads to ␣ E ‫ס‬ 0. The coefficient ␣ E,31 is proportional to (q 11 + q 12 ) whereas ␣ E,33 is proportional to q 33 . The longitudinal coefficient is quite small due to demagnetizing fields. We therefore restrict all of the subsequent results and discussion to the transverse coefficient.
Data similar to that in Fig. 1 were obtained on samples of (111)Ni-Zn ferrite and PZT. Figure 2 shows the Zn concentration dependence of the maximum value of ␣ E,31 . We found that the ME coefficients were dependent on the composition and thickness of the epoxy layer, curing time, and temperature. Figure 2 shows the absolute value, measurement error (<3%), and the spread in the ␣ E,31 (<5%) due to the nature of the bonding medium used. The highest value is measured for samples with Ni 0.7 Zn 0.3 Fe 2 O 4 . The increase in ␣ E,31 with Zn substitution is due to strong magneto-mechanical coupling. The dynamic piezomagnetic coupling arises due to magnetostriction and, in particular, the Joule magnetostriction caused by domain wall motion and domain rotation. Key requirements for strong coupling are unimpeded domain motion and a large . When Zn is substituted in NFO, there is an enhancement in the initial permeability, 20 leading to an increase in the strength of dynamic magneto-mechanical coupling for the ferrite and an increase in the ME coefficient as observed in Fig. 2 .
Next we consider measurements on bilayers with (110) ferrites. The significance here is the ability to measure ME coupling coefficients when the magnetic fields are applied along the principal crystallographic axes. Such data are shown in Fig. 3 for a bilayer . These observations could be attributed to variation in piezomagnetic coupling q as discussed in Sec. IV.
B. Resonance ME effects
A ME phenomenon of fundamental interest is the coupling when the electrical or the magnetic subsystem shows a resonant behavior, i.e., electromechanical resonance (EMR) for PZT [9] [10] [11] [12] [13] and ferromagnetic resonance for the ferrite.
14 The resonance ME effect is similar in nature to the standard effect, i.e., an induced polarization under the action of an ac magnetic field. However, the ac field here is tuned to the EMR frequency, leading to a significant increase in the ME voltage coefficients. Measurements of ME effects at EMR were carried out on the ferrite-PZT samples. Figure 4 shows representative results for (111)NZFO-PZT. The data were obtained for transverse magnetic fields and H set at 200 Oe, corresponding to maximum ME coupling. The voltage coefficient remains small for frequencies f up to 100 kHz. With further increase in f, a peak in ␣ E,31 appears at f r1 ‫ס‬ 110 kHz. With further increase in f, one observes a secondary peak at 330 kHz and finally another intense peak at f r2 ‫ס‬ 350 kHz. We associate the peaks at f r1 and f r2 with the bending and radial acoustic modes, respectively, in PZT. The secondary peak at 330 kHz is higher harmonics of the bending mode. The ME coefficient shows an increase in order of magnitude of 2 at EMR compared with low-frequency values (Fig. 1) .
Similar resonance measurements were done on samples with varying Zn concentration, and the data are shown in Fig. 5 . The error bars shown include measurement errors and the spread in ME coefficients due to the nature of bonding medium used, as discussed for results in Fig. 2 . The Zn concentration dependence of resonance values of ␣ E,31 shows maximum coupling for samples with Zn amount of 0.2. The bending mode assisted enhancement in ␣ E,31 is higher than the ME coefficient at the radial mode except for the sample with Zn amount of 0.2. A detailed discussion of these results is provided in the next section.
IV. DISCUSSION
This section deals with comparison of the data in previous sections and theory. The low-frequency coupling is considered first. We developed a model for lowfrequency ME effects in bilayers of magnetostrictive (m) and piezoelectric (p) phases. 7, 8 An averaging method was used to estimate effective material parameters. We considered both unclamped and rigidly clamped bilayers and field orientations of importance: longitudinal fields and transverse fields. The theory predicted a giant ME coupling for transverse fields in ferrite-PZT, in agreement with measured values in Figs. 1-3 . The ME coefficient is given by
Here d and q are the piezoelectric and piezomagnetic coupling coefficients, respectively; s is the compliance coefficient; ⑀ T is permittivity at constant stress; and V is the PZT volume fraction. Values of ␣ E,31 estimated using the Eq. (1) and material parameters in Refs. 15 and 16 are in the range 200 to 400 mV/cm Oe, in very good agreement with data in Figs. 1 and 2 .
The field-orientation dependence of ␣ E,31 in Fig. 3 Figure 6 shows theoretical ␣ E,31 versus obtained from Eqs. (1) and (2) for a bilayer of (110) 
For finding the frequency dependence of ME voltage coefficient one needs to find the displacement that can be determined by expressing the displacement u through vector and scalar potentials:
We assume to have nonzero components only along the axis for a wave propagating along r. Potentials and satisfy the wave equations. Solutions of these equations in cylindrical coordinates have the form for PZT:
where k is wave value, p ‫ס‬ ( Expressions for strain in NFO have the similar form. The coefficients A, B, C, and D are to be determined from boundary conditions that correspond to values of 0 for the stress components T zr and T zz on the top and bottom sides of the sample (at z ‫ס‬ − p L and z ‫ס‬ m L) and on the disk face (at r ‫ס‬ R) and equal stress for both phases on at the boundary (z ‫ס‬ 0). The stresses can then be found using Eq. (3). Using Eqs. (3) to (6) , and open-circuit condition (D 3 ‫ס‬ 0), one can numerically solve for the resonance frequencies and frequency dependence of ME voltage coefficient. The resonance frequency for fundamental bending mode is approximately 105 kHz for ( p L + m L)/(2R) ‫ס‬ 0.15 which is in excellent agreement with the data in Fig. 4 .
In conclusion, the nature of low-frequency and resonance ME effects have been investigated in bilayers of PZT and (111) or (110) nickel zinc ferrite. The measured giant ME coefficients at low frequencies and its variation with crystallographic orientation are in agreement with predictions by theory. At high frequencies, resonance enhancement of ME coefficient is observed at bending and radial acoustic modes. Estimated resonance frequencies are in agreement with the data.
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